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!  Adsorption  isotherms  of  the  form 


were  determined  ILt  two  para-ortho-hydrogen  conversion  catalyst a,  hydrous  ferric  oxide  gel 
and  nickel  oxide  silicate,  at  temperatures  from  63*K  to  196*K  and  at  pressures  from  1  to 
10  atmospheres. 

For  the  catalysts  studied,  Langmuir's  Isotherm  holds  at  194.6*K,  while  at  lower  temperatures 
(approximately  60-90*K),  the  adsorption  mechanism  appears  to  be  one  where  two  molecules 
are  adsorbed  on  five  effective  centers. 
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SECTION  I 
INTRODUCTION 


GENERAL  INFORMATION 

The  existence  of  the  para  and  ortho  modi¬ 
fications  of  molecular  hydrogen  is  a  direct 
result  of  the  orientation  of  the  nuclear  apins 
associated  with  the  hydrogen  atoms  of  the 
molecule.  In  molecular  hydrogen,  the  nuclear 
spins  of  the  individual  atoms  are  oriented 
either  in  the  same  direction  (parallel),  which 
corresponds  to  the  ortho  modification,  or  in 
the  opposite  direction  (antiparallel),  which 
■corresponds  to  the  para  modification.  These 
two  orientations  of  nuclear  spins  are  respon¬ 
sible  tor  the  differences  in  the  magnetic  and 
the  thermal  properties  of  ortho  and  para 
modifications  of  molecular  hydrogen.  An 
equilibrium,  which  Is  a  function  of  tempera¬ 
ture,  exist*;  between  the  two  forms. 

Under  equilibrium  conditions,  shown 
graphically  In  Figure  "l,  the  para-hydrogen 
concentration  in  the  pure  hydrogen  gas  varies 
from  essentially  100%  para  at  36°R  to  approx¬ 
imately  25%  para  at  270“R.  Since  the  para  to 
ortho-hydrogen  conversion  is  endothermic  iti 
this  temperature  range  (33 9  calories  per 
mole),  certain  additional  low  temperature 
refrigeration  is  available  from  the  conver¬ 
sion.  Interest  in  the  conversion  of  hydrogen 
stems  from  the  heat  of  conversion  when  the 
reaction  proceeds  at  low  temperatures. 

Many  of  the  next  generation  of  aerospace 
vehicles  will  use  oyarogeu  as  a  fuel  or 
propellant.  At  high  flight  speods,  the  problems 
associated  with  cooling  air-breathing  aircraft 
engines  and  other  parts  will  become  critical. 
Problems  will  be  encountered  In  cooling  the 
walls  of  the  combustion  chamber  and  the 
exhaust  nozzle.  The  hydrogen  fuel  will  be  the 
most  logical  reservior  available  to  absorb 
tr'at  and  thereby  provide  the  critically  needed 
cooling  capacity.  In  many  engines  under 
consideration,  the  hydrogen  must  be  vapor¬ 
ised  and  superheated  in  order  to  obtain 
(sufficient  heat- absorbing  capacities  per 
pound  of  fuel.  If  the  para-ortho  shift  of  the 
hydrogen  could  be  obtained  below  a  tempera¬ 
ture  of  27P°R,  tbs  effective  beat  sink  capacity 


•Illustrations  and  tables  are  in  the  appendix. 


of  hydrogen  would  be  greatly  increased,  and 
the  required  size  of  the  heat  exchanger 
could  be  reduced. 

The  relative  enthalpies  of  para,  equilib¬ 
rium,  and  normal  hydrogen  are  shown  in 
Figure  2.  The  differences  in  the  enthalpies 
of  hydrogen  of  the  various  compositions 
represent  the  enthalpy  change  due  to  con¬ 
version.  H  the  hydrogen  is  used  in  a  refrig¬ 
eration  circuit  which  does  not  contain  a 
conversion  catalyst,  the  temperature- 
enthalpy  path  will  follow  the  pars  curve. 
However,  if  a  conversion  catalyst  16  included 
in  the  system,  causing  the  temperature- 
enthalpy  path  to  follow  the  equilibrium  curve, 
significantly  greater  quantities  of  refrig¬ 
eration  can  be  provided  by  the  hydrogen  at 
low  temperatures.  The  successful  application 
of  this  conversion  could  increase  payload 
because  of  reduction  in  the  weights  of  heat 
exchangers.  The  strategic  incorporation  of 
this  concept  in  heat  exchanger  equipment 
would  alleviate  “pinch-point”  areas  by  in¬ 
creasing  available  refrigeration  and,  there¬ 
fore,  the  driving  force  which  causes  the  flow 
of  heat. 

Low- temperature  heterogeneous  catalysis 
was  considered  the  most  promising  technique 
for  effecting  the  para -ortho  shift  of  hydrogen. 

Early  studies  involved  me  characterisation 
of  the  conversion  catalysts  for  use  in  the 
production  of  a  large  quantity  of  liquid  para- 
hydregen.  In  this  process,  normal  hydrogen 
(equilibrium  hydrogen  at  standard  tempera¬ 
ture  contains  approximately  25%  para- 
bydrogen  and  75%  ortbo-bydrogep)  is 
converted  to  the  corresponding  equilibrium 
hydrogen  ( approxi  mately  100%  para-hydroge  n ) 
at  liquid  hydrogen  temperatures  (approxi¬ 
mately  36°R).  This  process  step  is  included  in 
the  production  of  liquid  hydrogen,  since  fail¬ 
ure  to  convert  the  normal  hydrogen  to  the 
equilibrium  concentration  would  result  in  the 
conversion  occurring  slowly  during  o tux  age. 
Since  this  particular  reaction  (ncxinal  to 
99.79%  para-hydrogen)  is  exothermic  with  a 
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heat  release  of  226  BTU/lb,  the  liquid 
hydrogen  would  boil  away  even  if  it  were 
stored  in  a  perfectly  insulated  container.  For 
this  reason,  the  conversion  from  ortho- 
hydrogen  to  para-hydrogen  is  made  during  the 
production  cycle,  and  the  liberated  heat  is 
taken  away  at  this  time.  Chromium  oxide 
eupported  or.  alumina  was  found  to  be  effective 
for  this  conversion,  however,  a  systematic 
study  was  undertaken  to  find  materials  which 
might  be  more  effective. 

Various  metallic  oxides  such  as  cerium 
oxide,  ferric  oxide,  neodymium  oxide,  and 
manganese  dioxide,  both  supported  and  un¬ 
supported,  were  studied.  Unsupported 
hydrous  ferric  oxide  proved  to  be  the  most 
effective  conversion  catalyst  of  those  studied. 
A  space  velocity  of  330  STP/minute  was 
achieved  with  1/8- inch  pellets  of  this  material 
{Reference  3). 

In  early  i960,  the  U.  S.  Air  Fore  5,  with  its 
increasing  interest  in  the  use  of  hydrogen  as 
an  air-breathing  engine  propellant,  recog¬ 
nized  the  Intriguing  possibilities  of  recover¬ 
ing  the  available  refrigeration  from  para- 
hyurogen  fuel  and  initiated  a  program  tc 
develop  catalysts  (at  Air  Products  and  Chem¬ 
ical  I  n  c, )  to  obtain  additional  cooling  from  the 
para-ortho  shift.  This  work  was  carried  out 
under  contract  AF33(616)-7506  and  later 
under  contracts  AF33(657)-10333  and 
AF83(615)-1316.  The  objectives  of  the 
investigation  were  tc  determine  the  param¬ 
eters  that  effect  the  shift  of  para -hydrogen 
to  ortho-hydrogen  and  to  develop  a  catalyst 
for  speeding  the  shift  toward  the  equilibrium 
ratio  at  low  temperatures.  The  hydrous  ferric 
oxide  gel  developed  for  the  ortho  to  para 
hydrogen  shift  in  comm eri cal  piantB  was 
found  to  be  effective  also  for  the  deBired  para 
to  ortho  hydrogen  shift  and  was  chosen  as  a 
baseline  in  the  study. 


According  to  theories  formulated,  there  are 
two  fundamental  methods  of  inducing  an  ortho- 
to-para  or  para-to-ortho  transition.  One 
method  consists  of  dissociating  the  hydrogen 
molecules  and  allowing  the  atoms  to 
recombine.  When  dissociated,  the  two  atomic 
nuclei  no  longer  are  oriented  with  respect  to 
nuclear  spins.  Upon  reassociation,  the 
molecules  are  formed  according  to  the  equi¬ 
librium  energy  distribution  determined  by  the 
temperature.  The  other  method  involves  the 
interaction  between  an  inhomogeneous  mag¬ 
netic  field  and  the  magnetic  field  associated 
with  the  nuclear  spin  of  the  hydrogen  nuclei. 
The  dissociation  or  chemical  mechanism  is 
catalyzed  by  any  method  which  is  capable  of 
producing  hydrogen  atoms  or  at  least  of 
destroying  the  molecular  bond  between  the 
two  nuclei.  The  magnetic  or  physical 
mechanism  is  catalyzed  by  any  inhomog¬ 
eneous  magnetic  field  of  molecular  dimension. 

Air  Products  and  Chemicals  Inc.  developed 
a  nickel  oxide  silicate  catalyst  which  was 
10.5  times  more  active  on  a  weight  basis 
than  the  standard  hydrous  ferric  oxide  gel.* 

OBJECTIVES  OF  REPORT 

In  this  report,  the  author  will  attempt  to 
analyze  the  hydrogen  adsorption  data  tabu¬ 
lated  in  Reference  5**,  for  both  the  advanced 
nickel  oxide  silicate  catalyst  and  the  com¬ 
mercial  hydrous  ferric  oxide  gel.  The 
.analyses  will  be  directed  toward  determining 
the  adsorption  isotherm  and  gaining  an  under¬ 
standing  of  the  possible  mschauiem  lor  the 
important  adsorption  step  at  the  low  tempera¬ 
tures  of  interest.  The  analyses  will  follow  the 
approach  of  Koble  and  Corrigan  (Reference  4) 
in  conjunction  with  adsorption  data  for  pure 
hydrocarbons.  The  author  has  taken  the 
Koble- Corrigan  approach  to  develop  an  ex¬ 
pression  for  determining  the  concentration  of 
hydrogen  adsorbed  at  various  temperatures 
and  pressures. 


♦Repent  efforts  by  the  contractor  have  resulted  in  a  niokel  oxide  catalyst 
more  active,  on  a  weight  basis,  than  the  standard. 


that  was  22  times 


**From  Reference  5  the  data  used  was  equilibrium  pressure  in  atmospheres  and  volume 
adsorbed  (STP)  rai/gm  (ca*j  which  are  shown  In  Tables  1  through  V1H  in  this  technical  report. 
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SECTION  II 

.PROCEDURE  FOR  DETERMINING  THE  CONCENTRATION  OF  ADSORBED 
HYDROGEN  AT  VARIOUS  TEMPERATURES  AND  PRESSURES 


in  Reference  4  a  general  form  for  an 
adsorption  isotherm  was  formulated  and  is 


where 

C.  =  concentration  of  adsorbed  gas  moles 
A  per  gram  of  catalyat 

L/  =  empirical  adsorption  constant  related 
to  the  total  number  of  active  centers 
available  on  the  adsorbent 

K'  =  empirical  adsorption  constant  re¬ 
lated  to  the  equilibrium  constant 

r.  =  a  constant 

p.  =  equilibrium  pressure  of  the  adsorbed 
gas 

Adsorption  data  for  hydrogen  on  both  the 
commercial  hydrous  ferric  oxide  gel  catalyst 
and  the  advanced  nickel  oxide  silicate 
material  will  be  used  in  conjunction  with 
Equation  (1),  and  the  various  constants  will  be 
determined. 


Equation  ().)  is  Inverted  and  rearranged  to 
give 


i _ 

L'  K 


(21 


The  original  data  were  reported  in 
Reference  5  aa  volume  of  gas  adsorbed,  in 
milliliters  at  standard  conditions,  end  the 
equilibrium  pressure,  in  atmospheres,  of  the 
hydrogen  In  contact  with  the  catalyst.  The 
adsorption  data  for  the  two  catalysts  at  four 
different  temperatures  are  presented  In 
Tables  ’  through  VIII,  together  with  the 
manipulations  necessary  for  the  later  treat¬ 
ment  of  the  data. 

The  approximation  of  the  constant  L  for  a 
given  catalyst  is  give  a  in  Figures  3  and  4  for 


the  standard  and  advanced  materials,  respec¬ 
tively.  L'  ip  determined  from  the  rectangular 
plot  l/'C^  versus  l/pA. 

Figure  3  is  a  plot  of  1/CA  versus  1/PA  for 

three  of  the  four  test  temperatures  for  the 
hydrous  ferric  oxide  gel.  The  intercept  was 
determir^d  to  be  0.026;  this  value  could  have 
ranged  from  approximately  0.020  to  0.040 
according  to  the  data  reported.  That  L'  is  a 
constant  Independent  o'  temperature  is 
demonstrated  by  Figure  3,  where  the  various 
isotherms  converge  on  apparently  the  same 
Intercept. 

Figure  4  is  a  plot  of  l/C-A  versus l/pA  for 

the  hydrogen  adsorption  on  the  advanced 
nickel  oxide  silicate  catalyst.  Here,  again,  the 
lsotherma  converge  on  the  same  Intercept 
which  was  determined  to  be  0.0105.  This 
strengthens  the  ooncept  that  L'  is  a  constant 
and  is  independent  of  temperature. 

The  quantity  (1/CA  -  1/L'),  from  Tables  1 

through  Vin,  is  plotted  versus  l/pA  on 

logarlthlmic  coordinates  for  the  four  tem¬ 
peratures  studied.  Figure  5  is  the  correlation 
for  tbs  commercial  hydrous  ferric  oxide,  and 
Figure  6  is  a  similar  plot  for  the  advanced 
nickel  catalyst  Koble  in  Reference  4,  recom¬ 
mended  that  the  value  of  L'  be  corrected  by 
trial  and  error  until  the  plot  of  log 
(1/CA  —  l/L')  ersus  l/pA  gave  a  straight 

line.  This  procedure  was  not  followed  with 
this  data  since  the  adjustment  of  L'  could  not 
straighten  out  all  of  the  curves,  which 
Indicates  that  mechanisms  were  changing  with 
both  pressure  and  temperature. 

The  isotherms  for  the  adsorption  on  the 
catalysts  studied  are  parallel  for  the  63.16, 
77,0,  and  87.8*K  over  a  pressure  range  of 
approximately  1  to  10  atmospheres;  data  be¬ 
yond  this  region  were  inconclusive  and 
Indicated  possible  changes  In  the  slopes  of  the 
curves. 
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According  to  Kbble's  derivation  of  Equa¬ 
tion  (1),  n  should  be  either  an  integer  or  a 
fraction  composed  of  small  Integers.  Table  IX 
presents  the  slopes  of  the  isotherms  from 
Figure  5  for  the  commercial  catalyst  and 
similar  data  from  Figure  6  for  the  advanced 
catalyst.  These  data  indicate  that  the  adsorp¬ 
tion  mechanism  changes  from  the  lower 
temperatures  to  the  higher  one  for  both 
catalysts  tested;  In  fact,  the  same  type  of 
adsorption  seems  to  be  taking  place  in  >joth 
catalysts. 

Hydrogen  adsorption  on  both  cairiyota  at 
194. 6"K  follows  the  Langmuir  Isotherm,  which 
has  been  defined  as  a  specific  caao  of  the 
general  adsorption  expression  (Equation  1), 
where  n  is  oqual  to  unity.  The  mechanism  for 
the  hydrogen  adsorption  at  this  temperature 
Is 

h,  +  JL  •  wx£.  (3) 

whereof  is  an  active  center.  The  expression 
relating  concentration  of  the  adsorbed  gas  to 
its  equilibrium  partial  pressure  is 


which  indicates  that  two  molecules  of  hydro¬ 
gen  are  adsorbed  on  five  active  centers.  The 
expression  relating  the  gas  concentration 
adsorbed  to  the  gas  partial  pressure  for  this 
mechanism  is 


The  author  postulated  that  the  true  mecha¬ 
nism  fa.  simply  physical  adsorption  of  two 
molecules  on  five  active  centers.  It  seems 
unlikely  that  the  mechanism  could  be  chemical 
dissociation  because  the  near  cryogenic  tem¬ 
peratures  are  not  compatible  with  activated 
adsorption  associated  with  the  molecular 
dissociation  mechanisms. 


The  values  of  K'  were  determined  fro- '  the 
intercepts  of  the  isotherms  with  the  oi,  jate 
at  1/PA  “  1  from  Figures  6  and  6  for  the 

catalytic  materials  studied.  The  intercept 
gives  the  value  of  the  quantity  l/L'K',sotbat 
K'  can  be  calculated.  These  values  for  the 
catalysts  of  luterest  are  given  in  Table  X. 


i'  PH| 

1  +  "'PH, 


At  lower  temperatures  (60-90'K)  for  both 
oatalysts  tested,  the  adsorption  mechanism 
resembles  the  following: 


2 rig  +  8 X  *  Z  IHg  }  8  /  (5) 


Since  K'is  related  to  the  true  thermo¬ 
dynamic  equilibrium  constant,  a  plot  of  log 
K'  versus  the  reciprocal  of  the  absolute 
temperature  should  be  a  reasonably  straight 
line.  Figure  7  is  a  plot  of  this  information 
for  the  catalyst  of  interest.  Since  the  lines 
are  essentially  straight,  the  slope  should 
furnish  «  useful  empirical  constant  that 
oouid  be  used  to  predict  K'for  temperatures 
other  than  those  measured. 
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SECTION  m 
CONCLUSIONS 


data  on  **  commercially 
available  hydrous  ferric  oxide  gel  and  the  ad- 

°S*  ••■tot.  JMSiS. 

that  the  adsorption  mechanism  Is  physical. 
This  conclusion  is  cached  primarily  because 
toe  data  were  obtained  at  low  temperatures 
There  are  indications  also  that  the  adsorption 

Wlth  ^Peratur^and 
possibly  with  pressure;  but.  for  the  tempera¬ 
tures  studied  (63,16  to  xS4.6"K).  the  basic 

iri  ull'L.r'l  P'7“'C‘,i  *dso'»,ll<>“-  Table  XI 

te«  ..XStoeT"  r  *"  ““y“s  **  “» 

6’  7'  a.nd  8  su«Ke8ted  that  two 

TOrsfon  ?c™rr®i!  Wlth  Para-ortho  con¬ 
version  catalysts.  One  mechanism  is  ln- 

towe^  ya^lVB  “  the  temperature  is 
lowered,  and  the  other  is  inc"eaa)rw!v 

effective  as  the  temperature  is  raised.  Tavfor 
(Reference  0)  showed  that  two  tvnes  of 

^n'?"rw..0,°,<:urs-  Phy»'c*1 

V  w  ala)  00 curs  at  low  temperatures 
and  decreases  as  the  temperature  Increases 

above  room  temperature  and  Increases  as 
hank tf.raperatur®  Increases.  Tliese  theories 

’  °°ntentlon  of  tois  author  that  pfjyslctl 

adsorption  Is  occurring.  ^ys  cai 

ior  the  catalysts  studied,  Langmuir's 
Isotherm  holds  at  194.6‘K.  while  Tlower 
temperatures  (approximately  60-90*K)  the 

,ro  *toorbed  '■» 

The  overall  mechanism  for  the  Dara-to 
ot«k)  (or  ortho- to-para)  shift  of  hydrogen 
consists  of  several  consecutive  steps  Before 


the  actual  conversion  can  occur,  a  hvdroven 

stream  IT*4  ^f,U8e  out  of  the  rnaln°gas 
stream  to  the  surface  of  the  catalytic  particle 

and  eventuaUy  into  a  small  poreof  the 

particle.  The  molecule  must  then  adsorb 

?  BU3P  18  ^ical adsorp- 
tian.  pnee  the  molecule  is  adsorbed,  it  will 
migrate  along  the  surface,  perhaps  passing 
near  an  active  center.  For  the  para-ortho 
ydrogen  shift,  active  centers  generally  are 
^‘h  Shared  electX  InsLng, 

eStre^DT8'  fielda  around  such 

'  re8trlctlons  against  sponte- 
neous  conversion  are  removed,  and  the 

ySf  to  another  modification, 

finally,  the  converted  molecule  m 
evaporate  (physical  adsorption  to  physical 

ator^the^rTT  ^  adsorbed  layer>  diffuse 
..  JifL.1410  P°5®  to  t*ie  outeide  surface  of  the 

s?reim8'tiaf  mn  dlffu8e  lnto  the  main  gas 
‘v™*™  toat  wiU  carry  it  from  the  catalyst 

SStSfrth2"e  ***?  8tep9*  therefore,  will 
^  ,rate,  of  inversions.  Current 
to*  a‘?Ied  at  S®141”*  sufficient  data 

016  Gxact  naechanism  and  the 
rate  oontrollit^  step. 

U  SsnCli c8talyJIC  materlal  de8lred  ^  the 

v*  O.  Air  r o Pf^>>  Iav*  J 

»■  - -  4W*  ;c4 t-lOll  Ifl 

lumre  aircraft  systems  must  be  lightweight 
and  8,"ee  °»  adsorption  characteristics^ 

®  temperatures  of  interest  are  physical  in 
8  ^°°d  catalyst  must  exhibit  certain 
°* 01680  characteristics  would 
denalty'  ht^h  surface  area,  high  ad- 
arS1  whmtPaCltT'  ,high  fract!on  of  the  surface 
ttTvit^  hiT^  ,lCtlVe  8lt*8'  l,lgh  site 
P'ira’"y’  a“d  hl*h 
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OOJ 


Equilibrium  Para-Hydrogen  Concentration  As  a  Function 
cif  Temperature 


TEMPERATURE,®?? 
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Figure  2.  Enthalpy  Vi.  Temperature  for  Equilibrium,  Para,  and  Normal  Hydrogen 
at  1500  P6IA. 
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ADSORPTION  DATA  FOR  HYDROGEN  AT  63.16'R  WITH 
NICKEL  OXIDE  SILICATE  AS  CATALYST 
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TABLE  IX 

VALUES  OF  L'  AND  n 


Hydrogen  Adsorption  On  Hydrous  Ferric  Oxide 

Temperature 

Slope  of  curve 

Nearest  fraction 

CK) 

(Figure  5) 

n 

63. 16*K 

0.377 

2/5 

77#K 

0.433 

2/5 

87.8'K 

0.450 

2/5 

194. 6°K 

1.000 

1 

Hydrogen  Adsorption  On  Nickel  Oxide  Silica  - 

-  L'  -  95.24 

Temperature 

Slope  of  curve 

Nearest  fraction 

(°K) 

(Figure  6) 

n 

63.16‘K 

0.429 

2/5 

77°K 

0.426 

2/5 

87.8°K 

0.418 

2/5 

194. 6°K 

0.960 

1 
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TABLE  X 
VALUES  OF  X’ 


Temperature  ( *K) 


Hydrous  ferric  oxide 


Nicicel  oxide  silicate 


63.16 

77 

87.8 

194.6 


0.260 

0.133 

0.095 

0.017 


0.598 

0.314 

0.211 

0.008 
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TABLE  XI 

ABSORPTION  ISOTHEJBG  FOR  UTDSOCEM 


Hydrous  ferric,  oxids  gel  adsorbent 

(*R) 

1.0(PH  )2/5 

H2 

77 

S 

I  r  (O.lbHpg  )2/5 

5.12(1^  )2/S 

-M7  ft 

S  " 

1  +  (0.13X1^  )2/5 

3.65(p_  )2/S 

H2 

_l  OA  ft 

1  +  (0.10)(Ph  )2/5 

H2 

0.65(P|.  ) 

z 

V 

1  +  (0. 17) (p„  ) 

“2 

Nickel  oxide/silicate 

adsorbent 

<“K> 

56.95(p_  )2/5 

H2 

r-e77 

1  +  (0.60) (p  )2/s 

/  2 

29.91 (p„  )2/5 

H2 

_  07  o 

V 

1  +  (0.31) (pn  )2/5 

H2 

20.10(p_  )2/5 

H2 

1  OA  ft 

% 

1  +  (O.Zl)(p_  )2/s 

H2 

0.76(p  ) 

H2 

\ 

1  +  (O.OIXpjj  ) 
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